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SYSTEMATIC STUDY OF ERROR SOURCES IN SUPERSONIC 

SKIN-FRICTION BALANCE MEASUREMENTS 

Jerry M. Allen 
Langley Research Center 

SUMMARY 

An experimental study has been performed to investigate poten- 
tial error sources in data obtained with a self-nulling, moment- 
measuring, skin-friction balance. The balance was installed in the 
sidewall of a supersonic wind tunnel, and independent measurements 
of the three forces contributing to the balance output (skin fric- 
tion, lip force, and off-center normal force) were made for a range 
of gap size and element protrusion. The relatively good agreement 
between the balance data and the sum of these three independently 
measured forces validated the three-term model used in this study. 

No advantage to a small gap size was found. In fact, in the 
present study the balance was less sensitive to protrusion errors 
with larger gaps. Thus the ideal of the smallest practical gap 
size seems unjustified by the present results. 

Perfect element alinement with the surrounding test surface 
resulted in very small balance errors. However, if small protrusion 
errors are unavoidable, no advantage was found in having the element 
slightly below the surrounding test surface rather than above it. 
Positive and negative protrusions of the same magnitude were equally 
damaging. 

INTRODUCTION 

The floating-element skin-friction balance is a basic research 
tool employed in experimental boundary-layer flow studies. Since 
it is the only instrument which directly measures skin friction, 
its applications are numerous. For example, balance measurements 
form the standard by which indirect skin-friction measuring tech- 
niques are calibrated. Many widely used skin-friction "theories" 
rely on correlations with experimental skin-friction balance data. 
More recently, advanced numerical boundary-layer calculation tech- 
niques generally rely on comparisons of calculated skin friction 
with balance measurements to provide verification. 



B e c a u s e  of t h i s  f u n d a m e n t a l  i m p o r t a n c e  o f  t h e  s k i n - f r i c t i o n  
b a l a n c e  i n  s t u d i e s  o f  v i s c o u s  f l u i d  m e c h a n i c s ,  i t  i s  e s s e n t i a l  t h a t  
b a l a n c e  r e s u l t s  b e  made as  f r e e  o f  e r ro r  a s  p o s s i b l e .  There i s  
t h e r e f o r e  a n e e d  f o r  a s y s t e m a t i c  i n v e s t i g a t i o n  o f  p o t e n t i a l  e r r o r  
s o u r c e s  i n  b a l a n c e  m e a s u r e m e n t s .  S u r p r i s i n g l y  l i t t l e  i n f o r m a t i o n  
on  t h i s  s u b j e c t  e x i s t s  i n  t h e  l i t e r a t u r e .  The p r o b a b l e  r e a s o n  i s  
t h a t  m o s t  b a l a n c e s  a v a i l a b l e  f o r  g e n e r a l  u s e  a r e  t o o  small  t o  a l l o w  
i n s t a l l a t i o n  of t h e  i n s t r u m e n t a t i o n  n e e d e d  t o  i n v e s t i g a t e  p o t e n t i a l  
e r r o r  s o u r c e s .  

To i n v e s t i g a t e  t h e s e  e r r o r  s o u r c e s  s y s t e m a t i c a l l y ,  a l a r g e  
b a l a n c e  was r e c e n t l y  c o n s t r u c t e d  a t  t h e  L a n g l e y  Research C e n t e r  a n d  
was t e s t e d  i n  t h e  t h i c k  t u r b u l e n t  b o u n d a r y  l a y e r  o n  t h e  s i d e w a l l  o f  
a l a r g e  w i n d  t u n n e l .  The tes ts  were c o n d u c t e d  a t  a f ree-s t ream 
Mach number o f  2 . 1 9  a n d  a t  s e v e r a l  R e y n o l d s  n u m b e r s .  H o w e v e r ,  t h e  
g e n e r a l  r e s u l t s  a n d  c o n c l u s i o n s  o b t a i n e d  i n  t h i s  e x p e r i m e n t  s h o u l d  
be  a p p l i c a b l e  o v e r  a w i d e  r a n g e  o f  f l o w  c o n d i t i o n s .  T h i s  b a l a n c e  
i s  e s s e n t i a l l y  a l a r g e - s c a l e  v e r s i o n  o f  t h e  smal l  Kis t le r  b a l a n c e  
( s e e  r e f .  l ) ,  w i t h  a s c a l e  f a c t o r  o f  1 4 : l .  The K i s t l e r  b a l a n c e  h a s  
been  w i d e l y  u s e d  f o r  many y e a r s  f o r  s k i n - f r i c t i o n  m e a s u r e m e n t s .  

SYMBOLS 

U.S. C u s t o m a r y  U n i t s  were e m p l o y e d  f o r  t h e  e x p e r i m e n t a l  mea- 
s u r e m e n t s  i n  t h i s  s t u d y ,  b u t  t h e  I n t e r n a t i o n a l  S y s t e m  o f  U n i t s  ( S I )  
i s  u s e d  h e r e i n  t o  r e p o r t  t h e  r e s u l t s .  

s u r f a c e  a rea  o f  f l o a t i n g  e l e m e n t ,  ~2 4 A 

a d i s t a n c e  f r o m  s u r f a c e  o f  f l o a t i n g  e l e m e n t  t o  moment 
c e n t e r ,  79 .38  mm ( s e e  f i g .  1 )  

b moment arm o f  n e t  n o r m a l  f o r c e  a c t i n g  on  s u r f a c e  o f  
f l o a t i n g  e l e m e n t  ( s e e  f i g .  1 )  

c f 

c N  

cP  

F r i c t i o n  f o r c e  

qeA 
f r i c t i o n  f o r c e  c o e f f i c i e n t ,  

L i p  f o r c e  

qeA 
l i p  force  c o e f f i c i e n t ,  

Normal  f o r c e  
n o r m a l  f o r c e  c o e f f i c i e n t ,  

qeA 
P p t  - pw 

qe 
P r e s t o n  t u b e  p r e s s u r e  c o e f f i c i e n t ,  
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T o t a l  f o r c e  

q e A  
t o t a l  f o r c e  c o e f f i c i e n t ,  

l i p  t h i c k n e s s  o f  f l o a t i n g  e l e m e n t ,  6 .35  m m  ( s e e  f i g .  1 )  

d i a m e t e r  o f  f l o a t i n g  e l e m e n t  

f o r c e  o n  e l e m e n t  

g a p  s i z e  b e t w e e n  f l o a t i n g  e l e m e n t  a n d  s u r r o u n d i n g  t e s t  
s u r f a c e  ( s e e  f i g .  2 )  

Mach number  

p r e s s u r e  

d y n a m i c  p r e s s u r e  

u n i v e r s a l  g a s  c o n s t a n t  

R e y n o l d s  number  b a s e d  on  momentum t h i c k n e s s  

t e m p e r a t u r e  

d i s t a n c e  n o r m a l  t o  t e s t  s u r f a c e  ( s e e  f i g .  4) 

p r o t r u s i o n ,  v e r t i c a l  d i s t a n c e  b e t w e e n  s u r f a c e  o f  f l o a t i n g  
e l e m e n t  a n d  s u r r o u n d i n g  t e s t  s u r f a c e  ( s e e  f i g .  2 )  

r a t i o  o f  s p e c i f i c  h e a t s  

b o u n d a r y - l a y e r  t o t a l  t h i c k n e s s ,  7 6  m m  i n  t h i s  p a p e r  

b o u n d a r y - l a y e r  d i s p l a c e m e n t  t h i c k n e s s  

b o u n d a r y - l a y e r  momentum t h i c k n e s s  

v i s c o s i t y  

s h e a r i n g  s t ress  

a n g u l a r  l o c a t i o n  of p r e s s u r e  o r i f i c e  o n  s u r f a c e  or l i p  
o f  f l o a t i n g  e l e m e n t ,  r e l a t i v e  t o  u p s t r e a m  d i r e c t i o n  

S u b s c r i p t s :  

a v  a v e r a g e  v a l u e  

aw a d i a b a t i c  w a l l  

3 
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P r e s t o n  t u b e  

t o t a l  

w a l l  

A N A L Y S I S  OF THE PROBLEM 

F i g u r e  1 s h o w s  a s k e t c h  o f  t h e  s e n s i n g  e l e m e n t  o f  a moment- 
m e a s u r i n g  b a l a n c e ,  s u c h  a s  t h e  o n e  u s e d  i n  t h i s  s t u d y ,  a n d  i n d i -  
c a t e s  t h e  t h r e e  a e r o d y n a m i c  f o r c e s ,  f r i c t i o n  f o r c e ,  l i p  f o r c e ,  a n d  
n o r m a l  f o r c e ,  w h i c h  c o u l d  c o n t r i b u t e  t o  t h e  o u t p u t  o f  t h e  b a l a n c e .  
The  n e t  a e r o d y n a m i c  moment a b o u t  t h e  b a l a n c e  p i v o t  p o i n t  i s  o b t a i n e d  
by summing t h e  moments  c r e a t e d  by t h e  i n d i v i d u a l  f o r c e s .  T h u s ,  

A e r o d y n a m i c  moment = F f a  + F e ( a  - f) + F N b  

D u r i n g  b a l a n c e  c a l i b r a t i o n  t h e  moment c r e a t e d  by  t h e  b a l a n c e  t o  
r e s t o r e  t h e  e l e m e n t  t o  t h e  n u l l  p o s i t i o n  i s  c a l i b r a t e d  a g a i n s t  a 
known t o t a l  f o r c e  
e l e m e n t  s u r f a c e .  T h u s ,  F t  a p p l i e d  i n  t h e  streamwise d i r e c t i o n  on  t h e  

R e s t o r i n g  moment F t a  ( 2 )  

D u r i n g  t e s t i n g  t h e  a e r o d y n a m i c  moment i s  c o u n t e r b a l a n c e d  by t h e  
r e s t o r i n g  moment;  t h u s ,  e q u a t i o n s  ( 1 )  a n d  ( 2 )  may b e  e q u a t e d  t o  
g i v e  

4 



I n  c o e f f i c i e n t  f o r m ,  e q u a t i o n  ( 3 )  b e c o m e s  

C t  = C f  + ( 1  - C z)ck + b CN 
(4) 

The l a s t  t w o  terms i n  e q u a t i o n  (41, r e p r e s e n t i n g  t h e  l i p  a n d  
n o r m a l  f o r c e s ,  a r e  n o r m a l l y  a s s u m e d  t o  b e  z e r o  i n  most e x p e r i m e n t s  
u s i n g  s k i n - f r i c t i o n  b a l a n c e s .  T h u s  t h e  t o t a l  f o r c e  m e a s u r e d  by  
t h e s e  b a l a n c e s  i s  u s u a l l y  a s s u m e d  t o  b e  t h e  f r i c t i o n  f o r c e ,  a n d  n o  
c o r r e c t i o n s  a r e  a p p l i e d .  By e x a m i n i n g  t h e s e  t w o  terms i n d i v i d u a l l y ,  
t h e  v a l i d i t y  of t h e  u s u a l  a s s u m p t i o n  o f  n e g l i g i b i l i t y  may b e  
assessed ,  a n d  s p e c i f i c  c o n d i t i o n s  u n d e r  w h i c h  t h e  a s s u m p t i o n  may 
n o t  b e  a p p r o p r i a t e  may b e  i d e n t i f i e d .  

The f i r s t  te rm,  l i p  f o r c e ,  i s  c o n s t a n t  u n d e r  i d e a l  c o n d i t i o n s  
o f  n o  f l o w  t h r o u g h  t h e  g a p  b e t w e e n  t h e  f l o a t i n g  e l e m e n t  a n d  t h e  s u r -  
r o u n d i n g  t e s t  s u r f a c e .  I n  t h i s  case t h e  p r e s s u r e s  a r o u n d  t h e  l i p  
o f  t h e  e l e m e n t  a r e  c o n s t a n t ,  a n d  n o  n e t  f o r c e  i s  c r e a t e d  o n  t h e  
l i p ;  t h a t  i s ,  ( 1  - c / 2 a ) C L  = 0 .  If t h e r e  i s  f l o w  t h r o u g h  t h e  g a p ,  
t h e  p r e s s u r e s  a r o u n d  t h e  l i p  n e e d  n o t  be  c o n s t a n t ,  a n d  a n e t  f o r c e  
i n  t h e  s t reamwise d i r e c t i o n  c o u l d  b e  c r e a t e d  w h i c h  w o u l d ,  o f  c o u r s e ,  
a l t e r  t h e  t o t a l  o u t p u t  o f  t h e  b a l a n c e .  T h i s  l i p  f o r c e  c o u l d  b e  a 
f u n c t i o n  o f  b o t h  t h e  s i z e  o f  t h e  g a p  s u r r o u n d i n g  t h e  e l e m e n t  a n d  
t h e  p r o t r u s i o n  o f  t h e  e l e m e n t  above. o r  b e l o w  t h e  s u r r o u n d i n g  t e s t  
s u r f a c e .  S i n c e  t h i s  f o r c e  a c t s  a t  a b o u t  t h e  c e n t e r  o f  t h e  l i p ,  i t s  
moment arm i s  s l i g h t l y  l e s s  t h a n  t h a t  o f  t h e  f r i c t i o n  f o r c e ,  w h i c h  
a c t s  on t h e  s u r f a c e .  F o r  t h e  b a l a n c e  u s e d  i n  t h i s  s t u d y ,  t h e  moment 
arm r e d u c t i o n  i s  a b o u t  4 p e r c e n t ;  t h a t  i s ,  ( 1  - c / 2 a )  = 0 . 9 6 .  

The s e c o n d  te rm,  n o r m a l  f o r c e ,  i s  z e r o  i f  t h e  p r e s s u r e s  o n  t h e  
s u r f a c e  a n d  u n d e r s i d e  o f  t h e  f l o a t i n g  e l e m e n t  a r e  c o n s t a n t .  I n  
t h i s  c a se ,  no  n e t  f o r c e  i n  t h e  n o r m a l  d i r e c t i o n  i s  p r o d u c e d ;  t h a t  
i s ,  ( b / a ) C N  = 0 .  Even  i f  t h e  p r e s s u r e  d i s t r i b u t i o n  p r o d u c e s  a n e t  

f o r c e  a c t i n g  a t  t h e  c e n t e r  o f  t h e  e l e m e n t ,  t h i s  f o r c e  d o e s  n o t  
a f f e c t  t h e  b a l a n c e  o u t p u t  s i n c e  b 0 f o r  t h i s  c a s e .  For a n  
u n e v e n  p r e s s u r e  d i s t r i b u t i o n ,  h o w e v e r ,  w h i c h  p r o d u c e s  a n o r m a l  
f o r c e  a c t i n g  o f f  c e n t e r ,  a , m o m e n t  i s  p r o d u c e d  w h i c h  c o n t r i b u t e s  t o  
t h e  b a l a n c e  o u t p u t .  A g a i n ,  t h i s  n o r m a l  f o r c e  c o u l d  b e  a f f e c t e d  by 
g a p  s i z e  a n d  p r o t r u s i o n .  

S i n c e  t h e  t w o  b a l a n c e  g e o m e t r i c  p a r a m e t e r s  w h i c h  c o u l d  a f f e c t  
t h e  n e g l i g i b i l i t y  o f  t h e  t w o  f o r c e  terms d i s c u s s e d  i n  t h i s  s e c t i o n  
a re  g a p  s i z e  a n d  e l e m e n t  p r o t r u s i o n ,  t h e s e  t w o  p a r a m e t e r s  were s y s -  
t e m a t i c a l l y  v a r i e d  t o  i n v e s t i g a t e  t h e i r  e f f e c t s  o n  t h e  terms i n  
e q u a t i o n  ( 4 ) .  To d e t e r m i n e  t h e  r e l a t i v e  m a g n i t u d e s  o f  t h e  t h r e e  
terms i n  e q u a t i o n  ( 4 )  c o n t r i b u t i n g  t o  t h e  t o t a l  b a l a n c e  o u t p u t ,  
i n d e p e n d e n t  m e a s u r e m e n t s  o f  each term a r e  n e e d e d .  The t e s t  a p p a -  
r a t u s  a n d  t e c h n i q u e s  e m p l o y e d  t o  p r o v i d e  t h e s e  m e a s u r e m e n t s  a r e  
d e s c r i b e d  i n  t h e  f o l l o w i n g  s e c t i o n s .  

5 
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TEST APPARATUS A N D  PROCEDURES 

Wind T u n n e l  

The i n v e s t i g a t i o n  was c o n d u c t e d  i n  t h e  L a n g l e y  4 - f o o t  s u p e r -  
s o n i c  p r e s s u r e  t u n n e l ,  w h i c h  i s  d e s c r i b e d  i n  r e f e r e n c e  2 .  T h i s  
f a c i l i t y  i s  a r e c t a n g u l a r ,  c l o s e d  t e s t - s e c t i o n ,  s i n g l e - r e t u r n  w i n d  
t u n n e l  w i t h  p r o v i s i o n s  f o r  c o n t r o l  o f  p r e s s u r e ,  t e m p e r a t u r e ,  a n d  
h u m i d i t y  of t h e  e n c l o s e d  a i r .  Two f l e x i b l e  wal ls  of t h e  two- 
d i m e n s i o n a l  n o z z l e  c a n  b e  a d j u s t e d  t o  g i v e  Mach n u m b e r s  from 1 . 4  
t o  2 . 6 .  The maximum o p e r a t i n g  s t a g n a t i o n  p r e s s u r e  i s  a b o u t  2 atm 
( 1  atm = 0 . 1 0 1 3  M N / m 2 ) ,  a n d  t h e  n o r m a l  o p e r a t i n g  t e m p e r a t u r e  i s  
a b o u t  4 3 O  C. The t e s t  s e c t i o n  i s  a b o u t  1 . 2 2  m w i d e ,  1 . 2 2  m h i g h ,  
and  2 . 1 3  m l o n g .  

Tes t  S t a t i o n  

The  t u n n e l  s i d e w a l l  was u s e d  a s  t h e  t e s t  s u r f a c e  i n  t h i s  
i n v e s t i g a t i o n  t o  p r o v i d e  a l o n g  r u n  of  t u r b u l e n t  f l o w  a n d  a t h i c k  
b o u n d a r y  l a y e r .  The t e s t  s t a t i o n  was l o c a t e d  on  t h e  w a l l  c e n t e r  
l i n e  a t  a b o u t  t h e  c e n t e r  o f  t h e  t e s t  s e c t i o n ,  a n d  was a b o u t  4 . 2  m 
d o w n s t r e a m  of  t h e  n o z z l e  t h r o a t .  The  p e r m a n e n t  m o d e l  s u p p o r t  mech- 
a n i s m  was l o c a t e d  wel l  d o w n s t r e a m  o f  t h e  t e s t  s t a t i o n  a n d  was t r a -  
v e r s e d  t o  t h e  o p p o s i t e  s i d e  o f  t h e  t e s t  s e c t i o n  t o  i n s u r e  + , h a t  no  
f l o w  d i s t u r b a n c e s  o r i g i n a t i n g  f r o m  t h e  m e c h a n i s m  c o u l d  a f f e c t  t h e  
d a t a  t a k e n  . d u r i n g  t h i s  t e s t .  

T h i s  t u n n e l ,  a s  d e s c r i b e d  p r e v i o u s l y ,  h a s  a t w o - d i m e n s i o n a l  
n o z z l e .  The u p p e r  a n d  l o w e r  wa l l s  a r e  c o n t o u r e d  t o  p r o d u c e  s u p e r -  
s o n i c  f l o w .  The s i d e w a l l s ,  o n e  o f  w h i c h  was u s e d  a s  t h e  t e s t  s u r -  
f a c e ,  a r e  f l a t  f r o m  t h e  n o z z l e  t h r o a t  t o  t h e  d o w n s t r e a m  e d g e  o f  t h e  
t e s t  s e c t i o n .  

F l o w  C o n d i t i o n s  

T h i s  i n v e s t i g a t i o n  was c o n d u c t e d  p r i m a r i l y  a t  a free-stream 
Mach number o f  2 . 1 9 ,  a f ree-s t ream s t a g n a t i o n  t e m p e r a t u r e  o f  43' C ,  
and  a f ree-s t ream s t a g n a t i o n  p r e s s u r e  o f  0 . 3 4  atm. Some a d d i t i o n a l  
d a t a  were o b t a i n e d  a t  p r e s s u r e s  o f  1 . 0 2  and  1 . 7 0  atm t o  a s s e s s  
R e y n o l d s  number e f f e c t s .  The s i d e w a l l  r e c 0 v e r . y  t e m p e r a t u r e  was 
w i t h i n  a few d e g r e e s  o f  a m b i e n t  t e m p e r a t u r e  o u t s i d e  t h e  t u n n e l ;  
t h u s ,  t h i s  t e s t  was c o n d u c t e d  u n d e r  c o n d i t i o n s  o f  n e g l i g i b l e  h e a t  
t r a n s f e r .  

A p i t o t - p r e s s u r e  r a k e  l o c a t e d  a b o u t  5 .35  cm d o w n s t r e a m  o f  t h e  
e l e m e n t  was u s e d  t o  m o n i t o r  t h e  s i d e w a l l  b o u n d a r y  l a y e r  d u r i n g  t h e  
s e v e r a l  d a y s  o f  t e s t i n g  r e q u i r e d  t o  g e n e r a t e  t h e  d a t a  i n  t h i s  i n v e s -  
t i g a t i o n .  P i t o t  p r o f i l e s  o b t a i n e d  f r o m  t h i s  r a k e  ( w i t h  t h e  b a l a n c e  
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e l e n e n t  a t  z e r o  p r o t r u s i o n )  were c o m b i n e d  w i t h  t h e  l o c a l  s t a t i c  
p r e s s u r e  t o  y i e l d  Mach n u m b e r  p r o f i l e s ,  w i t h  t h e  u s u a l  a s s u m p t i o n s  
of c o n s t a n t  s t a t i c  p r e s s u r e  a n d  t o t a l  t e m p e r a t u r e  t h r o u g h o u t  t h e  
b o u n d a r y  l a y e r .  T h e s e  p r o f i l e s  a r e  l i s t e d  i n  t a b l e  I .  The  b o u n d a r y -  
l a y e r  t h i c k n e s s  v a r i e d  s o m e w h a t  w i t h  R e y n o l d s  n u m b e r .  The  v a r i a t i o n ,  
h o w e v e r ,  was small .  T h u s ,  f o r  t h e  p u r p o s e  o f  n o n d i m e n s i o n a l i z i n g  
p a r a m e t e r s  i n  t h i s  p a p e r ,  t h e  b o u n d a r y - l a y e r  t h i c k n e s s  was a s s u m e d  
t o  b e  c o n s t a n t  a n d  e q u a l  t o  7 6  m m .  

I n t e g r a l  t h i c k n e s s e s  were c a l c u l a t e d  from t h e s e  p i t o t - p r e s s u r e  
d a t a .  The  f o l l o w i n g  t a b l e  l i s t s  t h e  f l o w  c o n d i t i o n s  o f  t h i s  t e s t ,  
i n c l u d i n g  t h e  mean v a l u e s  o f  t h e  i n t e g r a l  p a r a m e t e r s  o f  t h e  s i d e w a l l  
b o u n d a r y  l a y e r .  I n  t h e  t a b l e ,  T t  i s  s t a g n a t i o n  t e m p e r a t u r e ,  p t  
is  s t a g n a t i o n  p r e s s u r e ,  a n d  R i s  t h e  f ree-s t ream u n i t  R e y n o l d s  
n u m b e r .  

P t  , 
a t,m 

0.34 
1.02 
1.70 

3.61 lo6 
10.73 
17.72 

0.450 
.358 
337 

I M e  = 2.19, T t  = 43' C ,  Tw/Taw = 1.0 

6" , 
CIT! 

-. 

1.66 
1.30 
1.22 

S k i n - F r i c t i o n  B a l a n c e  

D e t a i l s  o f  t h e  d e s i g n  a n d  c o n s t r u c t i o n  o f  t h e  b a l a n c e  u s e d  i n  
t h i s  s t u d y  c a n  b e  f o u n d  i n  r e f e r e n c e  3. B a s i c a l l y ,  t h e  b a l a n c e  i s  
a s e l f - n u l l i n g ,  m o m e n t - m e a s u r i n g  d e v i c e  w h o s e  s e n s i n g  e l e m e n t  i s  
p i v o t e d  t o  r o t a t e  i n  r e s p o n s e  t o  f o r c e s  i n  t h e  streamwise d i r e c t i o n .  
Any moment on t h e  e l e m e n t  c r e a t e d  by a e r o d y n a m i c  f o r c e s  t e n d i n g  t o  
r o t a t e  t h e  e l e m e n t  i s  b a l a n c e d  i n t e r n a l l y  by  a n  o p p o s i t e  moment 
p r o d u c e d  by a n  e l e c t r i c a l l y  c r e a t e d  f o r c e .  T h e  o u t p u t  o f  t h e  b a l -  
a n c e  i s  s i m p l y  t h e  v o l t a g e  r e q u i r e d  t o  k e e p  t h e  s e n s i n g  e l e m e n t  i n  
t h e  n u l l  p o s i t i o n .  

F i g u r e  2 s h o w s  s k e t c h e s  o f  t h e  t e s t  a p p a r a t u s  a n d  t h e  g e o m e t -  
r i c  p a r a m e t e r s  w h i c h  were s y s t e m a t i c a l l y  v a r i e d .  F o r  t h e  b a l a n c e  
m e a s u r e m e n t s ,  i n t e r c h a n g e a b l e  f l o a t i n g  e l e m e n t s  o f  d i f f e r e n t  d i a m -  
e t e r  were u s e d  t o  t e s t  t h e  e f f e c t  o f  g a p  s i z e .  T h e  d i a m e t e r  o f  
t h e  b a l a n c e  o p e n i n g  was 1 2 . 7  cm, a n d  t h e  g a p  w i d t h s  G were v a r i e d  
f r o m  a b o u t  0 . 1  t o  1 . 0  p e r c e n t  o f  t h i s  v a l u e  b y  u s e  o f  t h e s e  i n t e r -  
c h a n g e a b l e  f l o a t i n g  e l e m e n t s .  A d r i v e  m e c h a n i s m  c o n t r o l l e d  t h e  p r o -  
t r u s i o n  o f  t h e  f l o a t i n g  e l e m e n t s  r e l a t i v e  t o  t h e  s u r r o u n d i n g  t e s t  
s u r f a c e .  The b o u n d a r y  l a y e r  a t  t h e  t e s t  s t a t i o n  was a b o u t  7 6  mm 
t h i c k .  The f l o a t i n g  e l e m e n t s  were p r o t r u d e d  a b o u t  k l . 7  p e r c e n t  o f  
t h i s  v a l u e .  
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L i p  P r e s s u r e  

F i g u r e  3 s h o w s  s k e t c h e s  i l l u s t r a t i n g  t h e  m e t h o d s  e m p l o y e d  t o  
e v a l u a t e  t h e  a e r o d y n a m i c  f o r c e s  a c t i n g  o n  t h e  f l o a t i n g  e l e m e n t .  The 
p r e s s u r e  d i s t r i b u t i o n  a r o u n d  t h e  l i p  o f  t h e  e l e m e n t  was r eco rded  a t  
t h e  same time t h a t  t h e  b a l a n c e  m e a s u r e m e n t s  were made .  The l i p  
p r e s s u r e  o r i f i c e s  shown  i n  f i g u r e  2 were 0 . 4  m m  i n  d i a m e t e r  a n d  
were s p a c e d  22.5' a p a r t  a r o u n d  t h e  r i m .  The p r e s s u r e  i n s i d e  t h e  
chamber  o f  t h e  b a l a n c e  was a s s u m e d  t o  b e  c o n s t a n t  a t  a n d  b e l o w  t h e  
l o w e r  e d g e  o f  t h e  l i p ,  a n d  a l i n e a r  p r e s s u r e  d i s t r i b u t i o n  was a s s u m e d  
t o  e x i s t  b e t w e e n  t h e  l o w e r  e d g e  o f  t h e  l i p  a n d  t h e  s u r f a c e  o f  t h e  
e l e m e n t .  The v e r t i c a l  a n d  c i r c u m f e r e n t i a l  p r e s s u r e  d i s t r i b u t i o n s  
o n  t h e  l i p  a r e  t h u s  d e f i n e d ,  a n d  t h e  n e t  f o r c e  o n  t h e  l i p  i s  s i m p l y  
t h e  i n t e g r a t i o n  o f  t h i s  d i s t r i b u t i o n  i n  t h e  streamwise d i r e c t i o n  
o v e r  t h e  a r e a  o f  t h e  l i p .  

S u r f a c e  P r e s s u r e  

The n o r m a l  f o r c e  c o n t r i b u t i o n  t o  t h e  b a l a n c e  o u t p u t  was mea- 
s u r e d  w i t h  a p r e s s u r e - i n s t r u m e n t e d  e l e m e n t  t h e  same s i z e  a s  t h e  
l a r g e s t  b a l a n c e  e l e m e n t .  H e n c e  n o r m a l  f o r c e  e s t i m a t e s  o v e r  t h e  p r o -  
t r u s i o n  r a n g e  c o u l d  b e  o b t a i n e d  f o r  o n l y  o n e  g a p  s i z e  (G/D = 0 . 0 0 1 ) .  
T h i s  dummy e l e m e n t  h a d  p r e s s u r e  o r i f i c e s  0 . 4  m m  i n  d i a m e t e r  l o c a t e d  
a t  1 4  r a d i a l  l o c a t i o n s  on  t h e  e l e m e n t  s u r f a c e  ( s e e  f i g .  3 ) .  A t  
e a c h  p r o t r u s i o n  t h e  e l e m e n t  was r o t a t e d  t h r o u g h  360° i n  s m a l l  i n c r e -  
m e n t s  s o  t h a t  d e t a i l e d  p r e s s u r e  d i s t r i b u t i o n s  o v e r  t h e  e n t i r e  e l e -  
ment  s u r f a c e  were r e c o r d e d .  I n t e g r a t i o n  o f  t h e s e  p r e s s u r e s  a n d  
t h e i r  a s s o c i a t e d  moment arms o v e r  t h e  e l e m e n t  s u r f a c e  y i e l d e d  t h e  
n e t  n o r m a l  f o r c e  c o n t r i b u t i o n .  N o t e  t h a t  t h i s  i n t e g r a t i o n  p r o c e d u r e  
d i r e c t l y  p r o d u c e s  t h e  p r o d u c t  o f  t h e  n o r m a l  f o r c e  FN a n d  t h e  

moment arm b ,  w h i c h  i s  t h e  f o r m  n e e d e d  i n  c a l c u l a t i n g  t h e  n o r m a l  
f o r c e  c o n t r i b u t i o n  t o  t h e  b a l a n c e  o u t p u t  

T h u s ,  i t  i s  n o t  n e c e s s a r y  t o  s e p a r a t e  t h e  f o r c e  a n d  t h e  moment arm; 
o n l y  t h e i r  p r o d u c t  i s  i m p o r t a n t .  

P r e s t o n  T u b e  

The dummy f l o a t i n g  e l e m e n t  was a l s o  u s e d  i n  p r o v i d i n g  a n  e s t i -  
mate o f  t h e  s k i n - f r i c t i o n  v a r i a t i o n  o v e r  t h e  p r o t r u s i o n  r a n g e  by  
m o u n t i n g  a P r e s t o n  t u b e  o n  t h e  e l e m e n t  s u r f a c e .  A s  s e e n  i n  f i g -  
u r e  3,  t h e  t i p  o f  t h e  P r e s t o n  t u b e  was l o c a t e d  a t  t h e  c e n t e r  o f  t h e  
e l e m e n t ,  a n d  t h e  base was m o u n t e d  o v e r  a s t a t i c  p r e s s u r e  o r i f i c e ,  
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w h i c h  s e r v e d  t o  r e c o r d  t h e  p i t o t  p r e s s u r e .  The  o u t s i d e  diameter o f  
t h e  P r e s t o n  t u b e  was 5 . 0  m m  a n d  i t s  i n s i d e  d iameter  was 3 . 0  m m .  

The P r e s t o n  t u b e  s k i n  f r i c t i o n  was c a l c u l a t e d  o v e r  t h e  p r o -  
t r u s i o n  r a n g e  f rom t h e  m e a s u r e d  p i t o t  a n d  s t a t i c  p r e s s u r e s  a c c o r d i n g  
t o  t h e  f o l l o w i n g  e q u a t i o n :  

P p t  - pw 
= 96 + 60 l o g  

W 
T 

w h e r e  

a n d  d i s  t h e  o u t s i d e  d i a m e t e r  o f  t h e  P r e s t o n  t u b e .  T h i s  c a l i b r a -  
t i o n  e q u a t i o n  i s  a s l i g h t  m o d i f i c a t i o n  o f  t h e  E r a d s h a w - U n s w o r t h  
e q u a t i o n  ( s e e  r e f .  4 ) .  The  m o d i f i c a t i o n  was made t o  t a k e  a d v a n t a g e  
o f  more r e c e n t  a n d  a c c u r a t e  c a l i b r a t i o n  d a t a .  T h e  o n l y  d i f f e r e n c e  
b e t w e e n  e q u a t i o n  ( 5 )  a n d  t h e  E r a d s h a w - U n s w o r t h  e q u a t i o n  i s  i n  t h e  

l a s t  t e rm.  T h e  terrr! - 2 . 3 8 )  i n  e q u a t i o n  ( 5 )  h a s  r e p l a c e d  

(Eo.26 - 2 . 0 0 )  i n  t h e  E r a d s h a w - U n s w o r t h  e q u a t i o n .  F o r  t h e  f l o w  
c o n d i t i o n s  o f  t h i s  s t u d y  t h e  P r e s t o n  t u b e  s k i n  f r i c t i o n  c a l c u l a t e d  
f r o m  e q u a t i o n  ( 5 )  i s  a b o u t  6 p e r c e n t  lower  t h a n  i t  wou ld  h a v e  b e e n  
h a d  t h e  B r a d s h a w - U n s w o r t h  e q u a t i o n  b e e n  u s e d .  

It  s h o u l d  b e  n o t e d  t h a t  P r e s t o n  t u b e s  a r e  t h e m s e l v e s  c a l i -  
b r a t e d  a g a i n s t  s k i n - f r i c t i o n  b a l a n c e  m e a s u r e m e n t s .  T h u s ,  s k i n  
f r i c t i o n  o b t a i n e d  f rom P r e s t o n  t u b e  d a t a  i s  n o t  c o m p l e t e l y  i n d e -  
p e n d e n t  o f  p o t e n t i a l  b a l a n c e  e r r o r s .  I t  i s  b e l i e v e d ,  h o w e v e r ,  
t h a t  b a l a n c e  errors a r e  s m a l l  i n  t h e  d a t a  o n  w h i c h  e q u a t i o n  ( 5 )  
was b a s e d .  I n  a n y  e v e n t  t h e  P r e s t o n  t u b e  d a t a  i n  t h i s  s t u d y  were 
o b t a i n e d  t o  e s t ima te  t h e  v a r i a t i o n  i n  s k i n  f r i c t i o n  o v e r  t h e  p r o -  
t r u s i o n  r a n g e .  Any b a l a n c e  e r r o r s  i n c l u d e d  i n  t h e  P r e s t o n  t u b e  
c a l i b r a t i o n  e q u a t i o n  c o u l d  h a v e  a small  e f f e c t  o n  t h e  m a g n i t u d e  o f  
t h e  s k i n  f r i c t i o n ,  b u t  w o u l d  h a v e  l i t t l e  e f f e c t  o n  i t s  v a r i a t i o n .  
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B o u n d a r y - L a y e r  Rake 

A 1 4 - t u b e  p i t o t - p r e s s u r e  rake was l o c a t e d  i m m e d i a t e l y  down- 
stream of t h e  b a l a n c e  t o  m o n i t o r  t h e  s i d e w a l l  b o u n d a r y  l a y e r  a n d  t o  
a s s u r e  t h a t  n o  l a rge  c h a n g e s  o c c u r r e d  i n  t h e  b o u n d a r y  l a y e r  d u r i n g  
t h e  s e v e r a l  d a y s  o f  t h i s  i n v e s t i g a t i o n .  The t i p s  of t h e  14 t u b e s  
i n  t h e  rake were l o c a t e d  15.58 cm d o w n s t r e a m  o f  t h e  c e n t e r  o f  t h e  
f l o a t i n g  e l e m e n t ,  o r  5 . 3 2  cm d o w n s t r e a m  o f  t h e  e l e m e n t  t r a i l i n g  
e d g e .  A c h e c k  r u n  was made w i t h  t h e  r a k e  r e m o v e d  t o  v e r i f y  t h a t  
t h e  p r e s e n c e  of t h e  rake h a d  n o  i n f l u e n c e  on  t h e  b a l a n c e  d a t a .  
A schematic s k e t c h  o f  t h e  r a k e  c a n  b e  f o u n d  i n  f i g u r e  4 .  

* 
The i n t e g r a l  p a r a m e t e r s ,  e a n d  6 , were c o m p u t e d  f r o m  t h e  

r ake  d a t a  when t h e  b a l a n c e  e l e m e n t  was a t  z e r o  p r o t r u s i o n .  S i n c e  
t h e  f l o w  was a t  z e r o  p r e s s u r e  g r a d i e n t  a n d  z e r o  h e a t  t r a n s f e r ,  t h e  
u s u a l  a s s u m p t i o n s  o f  c o n s t a n t  s t a t i c  p r e s s u r e  a n d  t o t a l  t e m p e r a t u r e  
t h r o u g h o u t  t h e  b o u n d a r y  l a y e r  were made.  The s c a t t e r  among t h e  
i n t e g r a l  p a r a m e t e r s  a t  z e r o  p r o t r u s i o n  f o r  d i f f e r e n t  t e s t  r u n s  a t  
d i f f e r e n t  g a p  s i z e s  r a n g e d  f r o m  a b o u t  k3.0 p e r c e n t  a t  t h e  h i g h e s t  
u n i t  R e y n o l d s  number  t o  a b o u t  24 .5  p e r c e n t  a t  t h e  l o w e s t .  

It  was es t imated  t h a t  t h e  i n t e g r a l  t h i c k n e s s e s  a t  t h e  c e n t e r  
o f  t h e  f l o a t i n g  e l e m e n t  were a b o u t  2 p e r c e n t  l e s s  t h a n  t h o s e  mea- 
s u r e d  by t h e  rake b e c a u s e  o f  t h e  s l i g h t l y  d o w n s t r e a m  l o c a t i o n  o f  
t h e  rake.  S i n c e  t h i s  p e r c e n t a g e  i s  w i t h i n  t h e  s c a t t e r  o f  t h e  mea- 
s u r e d  d a t a ,  no  c o r r e c t i o n s  were made ,  a n d  t h e  i n t e g r a l  t h i c k n e s s e s  
g i v e n  i n  t h e  p r e v i o u s  t a b l e  a r e  a s s u m e d  t o  a p p l y  a t  t h e  c e n t e r  o f  
t h e  element.  

DISCUSSION OF RESULTS 

P r e s e n t a t i o n  o f  Data 

R e y n o l d s  number  e f f e c t s  were i n v e s t i g a t e d  f o r  o n l y  t h e  t o t a l  
f o r c e  a n d  l i p  f o r c e  d a t a ,  w h i c h  a r e  p r e s e n t e d  i n  f i g u r e s  5 and  6 
f o r  a l l  t h e  p r o t r u s i o n s ,  g a p  s i z e s ,  a n d  R e y n o l d s  n u m b e r s  i n v e s t i -  
g a t e d .  These d a t a  a r e  a l s o  l i s t e d  i n  t a b l e s  I1 a n d  111. P o s i t i v e ,  
p r o t r u s i o n  i n d i c a t e s  t h a t  t h e  e l e m e n t  i s  a b o v e  t h e  s u r r o u n d i n g  t e s t  
s u r f a c e ,  whereas n e g a t i v e  p r o t r u s i o n  i n d i c a t e s  r e c e s s i o n  b e l o w  t h e  
t e s t  s u r f a c e .  A l s o ,  p o s i t i v e  f o r c e  c o e f f i c i e n t s  a r e  i n  t h e  down- 
stream d i r e c t i o n ,  whereas n e g a t i v e  c o e f f i c i e n t s  a r e  i n  t h e  u p s t r e a m  
d i r e c t i o n .  E x a m i n a t i o n  o f  t h e s e  f i g u r e s  r e v e a l s  t h a t  t h e  e f f e c t s  
of R e y n o l d s  number  a r e  r e l a t i v e l y  m i n o r  e x c e p t  f o r  t h e  sma l l e s t  
g a p  s i z e .  Hence, f i g u r e s  5 a n d  6 a r e  p r e s e n t e d  o n l y  f o r  c o m p l e t e -  
n e s s  a n d  a r e  n o t  e x a m i n e d  i n  d e t a i l .  I n s t e a d ,  t h e  r e s u l t  a t  
R ,  1 - 6 2  x 104 i s  s e l e c t e d  f o r  m o r e  d e t a i l e d  e x a m i n a t i o n  i n  s u b -  
s e q u e n t  s e c t i o n s  o f  t h i s  p a p e r  a n d  f o r  c o m p a r i s o n  w i t h  t h e  normal 
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f o r c e  a n d  P r e s t o n  t u b e  s k i n - f r i c t i o n  r e s u l t s ,  w h i c h  were a l s o  
o b t a i n e d  a t  t h i s  R e y n o l d s  n u m b e r .  

T o t a l  F o r c e  

F i g u r e  7 s h o w s  t h e  e f f e c t s  o f  p r o t r u s i o n  a n d  g a p  s i z e  o n  t h e  
t o t a l  f o r c e  m e a s u r e d  by t h e  b a l a n c e .  A t  z e r o  p r o t r u s i o n  t h e  e f f e c t  
o f  g a p  s i z e  i s  v e r y  s m a l l .  T h e  a v e r a g e  o f  t h e s e  z e r o - p r o t r u s i o n  
t o t a l  f o r c e  m e a s u r e m e n t s  ( C t , o , a v  = 0 . 0 0 1 5 8 )  i s  t h e  v a l u e  w i t h  

w h i c h  o t h e r  f o r c e  c o e f f i c i e n t s  i n  t h i s  p a p e r  a r e  c o m p a r e d .  T h u s ,  
a l l  c o e f f i c i e n t s  p r e s e n t e d  h e r e a f t e r  h a v e  b e e n  n o r m a l i z e d  by 
C t , o , a v  
a s c e r t a i n e d .  

s o  t h a t  t h e  m a g n i t u d e  o f  t h e  f o r c e s  c a n  b e  m o r e  e a s i l y  

P r o t r u s i o n  h a s  a s t r o n g  e f f e c t  o n  t h e  t o t a l  f o r c e .  lZote t h a t  
l a r g e  f o r c e s  were m e a s u r e d  a t  r e l a t i v e l y  small  r a t i o s  o f  p r o t r u s i o n  
t o  b o u n d a r y - l a y e r  t h i c k n e s s .  S m a l l  p r o t r u s i o n  e r r o r s ,  t h e r e f o r e ,  
w h i c h  w o u l d  b e  n e g l i g i b l e  i n  t h i c k  b o u n d a r y - l a y e r  e x p e r i m e n t s ,  
c o u l d  become i m p o r t a n t  i n  t h i n  b o u n d a r y - l a y e r  e x p e r i m e n t s .  

F i g u r e  7 s h o w s  t r e n d s  w h i c h  a r e  c o n t r a d i c t o r y  t o  t w o  i n t u -  
i t i v e  a s s u n p t i o n s  u s u a l l y  h e l d  by r e s e a r c h e r s  u s i n g  s k i n - f r i c t i o n  
b a l a n c e s .  O'ne i s  t h a t  smal l  g a p s  a r e  p r e f e r a b l e  t o  l a r g e r  o n e s  
s i n c e  a smal le r  g a p  b e t t e r  s i m u l a t e s  a s m o o t h ,  c o n t i n u o u s  s u r f a c e  
w i t h o u t  d i s c o n t i n u i t i e s .  F i g u r e  7 r e v e a l s ,  h o w e v e r ,  t h a t  t h e  b a l -  
a n c e  i s  much m o r e  s e n s i t i v e  t o  p r o t r u s i o n  e r r o r s  a t  t h e  smal le r  
g a p  s i z e s .  The s e c o n d  a s s u m p t i o n  i s  t h a t  s m a l l  e l e m e n t  r e c e s s i o n  
b e l o w  t h e  s u r r o u n d i n g  t e s t  s u r f a c e  i s  much p r e f e r a b l e  t o  a compa- 
r a b l e  p r o t r u s i o n  a b o v e  t h e  t e s t  s u r f a c e .  F i g u r e  7 r e v e a l s ,  h o w e v e r ,  
t h a t  for t h e  same g a p  s i z e ,  sma l l  a m o u n t s  o f  p o s i t i v e  a n d  n e g a t i v e  
p r o t r u s i o n  a r e  e q u a l l y  d a m a g i n g  t o  t h e  a c c u r a c y  o f  t h e  b a l a n c e .  

The  e f f e c t  o f  g a p  s i z e  o n  t o t a l  f o r c e  a t  z e r o  p r o t r u s i o n ,  a s  
n o t e d  p r e v i o u s l y ,  i s  smal l  c o m p a r e d  w i t h  i t s  e f f e c t  w i t h  p r o t r u -  
s i o n .  T h e s e  z e r o - p r o t r u s i o n  d a t a  a r e  shown i n  f i g u r e  8 p l o t t e d  
as  a f u n c t i o n  o f  g a p  s i z e .  W i t h i n  t h e  s c a t t e r  o f  t h e  d a t a ,  v e r y  
l i t t l e  e f f e c t  o f  g a p  s i z e  o n  t o t a l  f o r c e  c o e f f i c i e n t  i s  s h o w n .  

Shown f o r  c o m p a r i s o n  i n  f i g u r e  8 a r e  d a t a  o b t a i n e d  w i t h  smal l  
Kis t le r  b a l a n c e s  t e s t e d  a t  t h e  same l o c a t i o n  o n  t h e  t u n n e l  s i d e w a l l  
a n d  a t  t h e  same f l o w  c o n d i t i o n s  a s  t h e  l a r g e  b a l a n c e .  A s  d e s c r i b e d  
p r e v i o u s l y  t h e  Kis t le r  b a l a n c e  i s  e s s e n t i a l l y  a smal l - sca le  ( 1 : 1 4 )  
v e r s i o n  o f  t h e  l a r g e  b a l a n c e .  The d a t a  f r o m  t h e  K i s t l e r  b a l a n c e s  
h a v e  b e e n  p l o t t e d  a t  t h e i r  g a p - t o - d i a m e t e r  r a t i o ,  w h i c h  i s  r a t h e r  
l a r g e  b e c a u s e  o f  t h e  small s i z e  o f  t h e i r  e l e m e n t s .  I n  terms o f  
a b s o l u t e  s i z e ,  h o w e v e r ,  t h e  g a p  o n  t h e  K i s t l e r  b a l a n c e s  i s  a b o u t  
t h e  same as  t h e  smal les t  g a p  u s e d  o n  t h e  l a r g e  b a l a n c e ,  a b o u t  
0 . 1  m m .  T h i s  v a l u e  i s  a p p r o x i m a t e l y  t h e  s m a l l e s t  p r a c t i c a l  s i z e  
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t h a t  c a n  be u s e d  o n  b a l a n c e s  o f  t h i s  t y p e .  N o t e  t h a t  t h e r e  i s  m o r e  
s c a t t e r  i n  t h e  Kis t le r  d a t a  t h a n  i n  t h e  l a r g e  b a l a n c e  d a t a ,  a l t h o u g h  
t h e  o v e r a l l  a g r e e m e n t  b e t w e e n  t h e  t w o  i s  g o o d .  

c a l c u l a t e d  f r o m  t h e  Also  shown i n  f i g u r e  8 i s  t h e  v a l u e  o f  C r  
m e a s u r e d  R, w i t h  t h e  S p a l d i n g - C h i  t h e o r y .  T h i s  q u a s i - t h e o r e t i c a l  

c f  v a l u e  is  i n  good a g r e e m e n t  w i t h  t h e  e x p e r i n e n t a l  d a t a .  

L i p  F o r c e  

F i g u r e  9 s h o w s  s a m p l e  p r e s s u r e  d i s t r i b u t i o n s  a r o u n d  t h e  l i p  
f o r  t h e  sma l l e s t  g a p  t e s t e d  (G/D = 0 . 0 0 1 )  o v e r  t h e  r a n g e  o f  p r o -  
t r u s i o n .  The d a t a  f o r  z /6  = 0 . 0 1 7  Show h i g h e r  p r e s s u r e s  u p s t r e a m  
t h a n  d o w n s t r e a m ,  i n d i c a t i n g  a p o s i t i v e  n e t  f o r c e  o n  t h e  l i p .  On t h e  
o t h e r  h a n d ,  t h e  d a t a  a t  z / 6  = -0 .017  s h o w  h i g h e r  p r e s s u r e s  down- 
stream, i n d i c a t i n g  a n e g a t i v e  n e t  f o r c e  o n  t h e  l i p .  For  z e r o  p r o -  
t r u s i o n  t h e  p r e s s u r e  d i s t r i b u t i o n  was v i r t u a l l y  c o n s t a n t ,  i n d i c a t i n g  
a v e r y  s m a l l  n e t  l i p  f o r c e .  

T h e s e  p r e s s u r e  d i s t r i b u t i o n s  were i n t e g r a t e d  o v e r  t h e  a r ea  o f  
t h e  l i p  as  d e s c r i b e d  p r e v i o u s l y  t o  y i e l d  t h e  n e t  f o r c e s  o n  t h e  l i p  
o v e r  t h e  r a n g e  o f  p r o t r u s i o n  a n d  g a p  s i z e ,  a n d  t h e  r e s u l t s  a r e  
shown i n  f i g u r e  10 .  I n  g e n e r a l ,  p o s i t i v e  p r o t r u s i o n  r e s u l t s  i n  
p o s i t i v e  l i p  f o r c e s ,  w h e r e a s  n e g a t i v e  p r o t r u s i o n  r e s u l t s  i n  n e g a t i v e  
l i p  f o r c e s .  The l i p  f o r c e s  a r e  more s e n s i t i v e  t o  p r o t r u s i o n  e r r o r s  
a t  t h e  sma l l e r  g a p  s i z e s ,  a t r e n d  w h i c h  was a l s o  n o t i c e d  i n  t h e  
t o t a l  f o r c e  r e s u l t s  o f  f i g u r e  7 .  N o t e  t h a t  a l l  l i p  f o r c e s  a r e  s m a l l  
a t  z e r o  p r o t r u s i o n .  

Norna.1 F o r c e  

Iuormal f o r c e  r e s u l t s  were o b t a i n e d  o n l y  a t  t h e  sma l l e s t  g a p  
s i z e  (G/D = 0 . 0 0 1 ) .  F i g u r e  I 1  s h o w s  s a m p l e  p r e s s u r e  c o n t o u r s  o v e r  
t h e  s u r f a c e  o f  t h e  e l e m e n t  a t  t h e  maximum n e g a t i v e  p r o t r u s i o n  
( z / 6  = - 0 . 0 1 7 ) .  Low p r e s s u r e  r e g i o n s  n e a r  t h e  l e a d i n g  e d g e  a n d  
h i g h  p r e s s u r e  r e g i o n s  n e a r  t h e  t r a i l i n g  e d g e  r e s u l t  i n  a c e n t e r  o f  
p r e s s u r e  l o c a t e d  on  t h e  d o w n s t r e a m  s i d e  o f  t h e  e l e m e n t .  A moment 
i s  t h u s  p r o d u c e d  o n  t h e  e l e m e n t  t e n d i n g  t o  r o t a t e  i t  i n  t h e  down- 
stream d i r e c t i o n ,  t h a t  i s ,  i n  t h e  d i r e c t i o n  o f  a p o s i t i v e  d r a g  
f o r c e .  

A c o m p a r i s o n  o f  t h e  p r e s s u r e  d i s t r i b u t i o n s  on  t h e  e l e m e n t  sur- 
f ace  f o r  d i f f e r e n t  p r o t r u s i o n s  c a n  b e  s e e n  i n  f i g u r e  1 2 ,  i n  w h i c h  
t h e  p r e s s u r e s  a r o u n d  t h e  o u t e r  e d g e  o f  t h e  e l e m e n t  - b u t  s t i l l  o n  
t h e  s u r f a c e ,  n o t  t h e  l i p  - a r e  shown .  The  c u r v e  f o r  z / 6  = -0 .017  
i s  t a k e n  f r o m  t h e  d a t a  o f  f i g u r e  1 1 .  The p r e s s u r e  d i f f e r e n c e  
b e t w e e n  t h e  u p s t r e a m  a n d  d o w n s t r e a m  e d g e s  o f  t h e  e l e m e n t  i s  much 
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grea te r  f o r  n e g a t i v e  p r o t r u s i o n ;  h e n c e  t h e  moment p r o d u c e d  a t  t h i s  
p r o t r u s i o n  i s  l a r g e r  t h a n  a t  t h e  o t h e r  p r o t r u s i o n s .  N o t e  t h a t  t h e  
p r e s s u r e  d i s t r i b u t i o n  f o r  p e r f e c t  a l i n e m e n t  ( z / 6  = 0 )  i s  v i r t u a l l y  
c o n s t a n t ,  i n d i c a t i n g  a v e r y  smal l  moment.  A l s o ,  t h e  two p e a k s  
w h i c h  o c c u r  f o r  z / a  = 0 . 0 1 7  c o n t r i b u t e  v e r y  l i t t l e  t o  t h e  moment 
o n  t h e  e l e m e n t  s i n c e  t h e y  o c c u r  a l o n g  t h e  a x i s  o f  r o t a t i o n  ( n e a r  
4 = 90' a n d  2 7 0 ' ) .  

The  p r e s s u r e s  o v e r  t h e  e n t i r e  s u r f a c e  a n d  t h e i r  a s s o c i a t e d  
moment arms were i n t e g r a t e d  a s  d e s c r i b e d  p r e v i o u s l y  t o  y i e l d  t h e  
n o r m a l  f o r c e  c o n t r i b u t i o n  t o  t h e  b a l a n c e  o u t p u t .  F i g u r e  13 s h o w s  
t h e  r e s u l t s  o f  t h e s e  i n t e g r a t i o n s  a n d  c o n f i r m s  t h e  p r e v i o u s  o b s e r -  
v a t i o n  t h a t  t h e  n o r m a l  f o r c e  c o n t r i b u t i o n  i s  much l a r g e r  f o r  n e g a -  
t i v e  p r o t r u s i o n  t h a n  f o r  p o s i t i v e  p r o t r u s i o n .  The  n o r m a l  f o r c e  
r e s u l t s  f o r  a l l  t h r e e  R e y n o l d s  n u m b e r s  Re a r e  l i s t e d  i n  t a b l e  I V .  

S k i n  F r i c t i o n  

F i g u r e  14  s h o w s  t h e  s k i n - f r i c t i o n  v a r i a t i o n  o v e r  t h e  p r o t r u s i o n  
r a n g e  m e a s u r e d  by t h e  P r e s t o n  t u b e  m o u n t e d  on  t h e  s u r f a c e  o f  t h e  
dummy f l o a t i n g  e l e m e n t .  P r e s t o n  t u b e  r e s u l t s  were o b t a i n e d  o n l y  a t  
t h e  s m a l l e s t  g a p  s i z e  (G/D 0 . 0 0 1 ) .  T h e  f a c t  t h a t  t h e  v a r i a t i o n  
shown i n  f i g u r e  14  i s  r a t h e r  s m a l l  t h r o u g h o u t  t h e  z / a  r a n g e  i s  
n o t  s u r p r i s i n g  s i n c e  t h e  v a r i a t i o n  o f  s h e a r i n g  s t ress  i n  t h e  l o w e r  
p a r t  o f  a b o u n d a r y  l a y e r  i s  known t o  b e  sma l l .  A t  z e r o  p r o t r u s i o n  
t h e  P r e s t o n  t u b e  s k i n  f r i c t i o n  i s  a b o u t  6 p e r c e n t  l o w e r  t h a n  t h e  
b a l a n c e  t o t a l  f o r c e  r e a d i n g .  The  P r e s t o n  t u b e  s k i n  f r i c t i o n  f o r  
a l l  t h r e e  R e y n o l d s  n u m b e r s  R e  i s  l i s t e d  i n  t a b l e  V .  

C o m p a r i s o n  o f  T e r m s  

T h e  t h r e e  terms w h i c h  c o n t r i b u t e  t o  t h e  b a l a n c e  m e a s u r e m e n t  - 
s k i n  f r i c t i o n ,  l i p  f o r c e ,  a n d  o f f - c e n t e r  n o r m a l  f o r c e  - h a v e  now 
b e e n  i n d e p e n d e n t l y  m e a s u r e d  f o r  t h e  same g a p  s i z e  a n d  R e y n o l d s  num- 
b e r  o v e r  t h e  p r o t r u s i o n  r a n g e  a n d  c a n  now b e  c o m p a r e d .  F i g u r e  15 
s h o w s  t h i s  c o m p a r i s o n ,  w h e r e  t h e  d a t a  were t a k e n  f r o m  f i g u r e s  10,  
1 3 ,  a n d  1 4 .  The h e a v y  s o l i d  l i n e  r e p r e s e n t s  t h e  sum o f  t h e s e  t h r e e  
terms. 

F i g u r e  16 s h o w s  how t h i s  sum c o m p a r e s  w i t h  t h e  d i r e c t  b a l a n c e  
m e a s u r e m e n t s ,  w h i c h  were t a k e n  f r o m  f i g u r e  7 .  The g o o d  a g r e e m e n t  
shown v a l i d a t e s  t h e  th ree- te rm m o d e l  u s e d  i n  t h i s  s t u d y  a n d  g i v e s  
c o n f i d e n c e  t h a t  t h e  r e l a t i v e  m a g n i t u d e s  o f  t h e s e  t h r e e  terms o v e r  
t h e  p r o t r u s i o n  r a n g e ,  a s  shown  i n  f i g u r e  15 ,  a r e  a p p r o x i m a t e l y  
c o r r e c t .  
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I II I l l 1  I 

C o m p a r i s o n  W i t h  O ' D o n n e l l ' s  R e s u l t s  

I n  r e f e r e n c e  5 ,  O ' D o n n e l l  p r e s e n t s  s k i n - f r i c t i o n  b a l a n c e  
r e s u l t s  f o r  a r a n g e  o f  p o s i t i v e  a n d  n e g a t i v e  p r o t r u s i o n .  The  b a l -  
a n c e  u s e d  i n  O ' D o n n e l l ' s  s t u d y  o p e r a t e d  o n  a d i f f e r e n t  p r i n c i p l e  
t h a n  t h e  o n e s  u s e d  i n  t h e  p r e s e n t  s t u d y .  O ' D o n n e l l ' s  b a l a n c e  c o n -  
t a i n e d  a s p r i n g - l o a d e d  e l e m e n t  w h i c h  t r a n s l a t e d  f o r e  a n d  a f t  w i t h i n  
t h e  c i r c u l a r  o p e n i n g  s u r r o u n d i n g  t h e  e l e m e n t  i n  r e s p o n s e  t o  t h e  
a x i a l  f o r c e  o n  t h e  e l e m e n t .  T h e  b a l a n c e  o u t p u t  was d e t e r m i n e d  by 
t h e  l o c a t i o n  o f  t h e  e l e m e n t  w i t h i n  t h e  c i r c u l a r  o p e n i n g .  Hence  
t h e  o u t p u t  was s e n s i t i v e  o n l y  t o  a x i a l  f o r c e ,  a n d  n o t  t o  n o r m a l  
f o r c e .  

F i g u r e  17 c o n t a i n s  a c o m p a r i s o n  b e t w e e n  r e s u l t s  f r o m  t h e  p r e s -  
e n t  b a l a n c e  ( i n t e r p o l a t e d  f r o m  f i g .  7 )  a n d  r e s u l t s  f r o m  t h e  b a l a n c e  
u s e d  i n  r e f e r e n c e  5 a t  s i m i l a r  Mach n u m b e r ,  R e y n o l d s  number  b a s e d  
on momentum t h i c k n e s s ,  a n d  g a p - t o - d i a m e t e r  r a t i o .  I n  n o n d i m e n -  
s i o n a l i z i n g  O ' D o n n e l l ' s  d a t a ,  t h e  o u t p u t  o f  h i s  b a l a n c e  a t  p e r f e c t  
a l i n e m e n t  was u s e d  f o r  

was u s e d  f o r  6. I t  c a n  b e  s e e n  from f i g u r e  17 t h a t  t h e  s e n s i -  
t i v i t y  o f  t h e  p r e s e n t  b a l a n c e  t o  p r o t r u s i o n  i s  much l a r g e r  t h a n  
t h a t  o f  O ' D o n n e l l ' s  b a l a n c e ,  a n d  t h a t  t h e  t r e n d s  w i t h  n e g a t i v e  
p r o t r u s i o n  a r e  o p p o s i t e .  

C t , o , a v ,  a n d  h i s  b o u n d a r y - l a y e r  t h i c k n e s s  

h o t e  f r o m  f i g u r e  17 t h a t  O ' D o n n e l l ' s  b a l a n c e  h a s  a smal le r  
l i p - t o - d i a m e t e r  r a t i o  t h a n  t h e  p r e s e n t  b a l a n c e .  T h u s  t h e  l i p  f o r c e  
c o n t r i b u t i o n  t o  O ' D o n n e l l ' s  r e s u l t s  i s  p r o b a b l y  smal l  s i n c e  t h e  l i p  
p r e s s u r e s  h a v e  a s m a l l  a r ea  o n  w h i c h  t o  a c t .  Hence  t h e  t r e n d  o f  
O ' D o n n e l l ' s  d a t a  w i t h  p r o t r u s i o n  p r o b a b l y  r e p r e s e n t s  t h e  sum o f  t h e  
s k i n  f r i c t i o n  a n d  a small  a m o u n t  o f  l i p  f o r c e .  To c h e c k  t h i s  t r e n d  
w i t h  t h e  d a t a  o f  t h e  p r e s e n t  b a l a n c e ,  n o t e  i n  t h e  d a t a  o f  f i g u r e  15 
t h a t  if t h e  n o r m a l  f o r c e  c o n t r i b u t i o n  t o  t h e  p r e s e n t  r e s u l t s  i s  
e l i m i n a t e d  a n d  t h e  l i p  f o r c e  c o n t r i b u t i o n  g r e a t l y  r e d u c e d ,  a t r e n d  
v e r y  s i m i l a r  t o  t h a t  i n  O ' D o n n e l l ' s  d a t a  i s  o b t a i n e d .  

CONCLUSIONS 

An e x p e r i m e n t a l  s t u d y  h a s  b e e n  p e r f o r r e d  t o  i n v e s t i g a t e  p o t e n -  
t i a l  e r r o r  s o u r c e s  i n  d a t a  o b t a i n e d  w i t h  a s e l f - n u l l i n g ,  moment- 
m e a s u r i n g ,  s k i n - f r i c t i o n  b a l a n c e .  The  b a l a n c e  was i n s t a l l e d  i n  
t h e  s i d e w a l l  o f  a s u p e r s o n i c  wind  t u n n e l ,  a n d  i n d e p e n d e n t  m e a s u r e -  
m e n t s  o f  t h e  t h r e e  f o r c e s  c o n t r i b u t i n g  t o  t h e  b a l a n c e  o u t p u t  ( s k i n  
f r i c t i o n ,  l i p  f o r c e ,  a n d  o f f - c e n t e r  n o r p a l  f o r c e )  were made f o r  a 
r a n g e  o f  g a p  s i z e  a n d  e l e m e n t  p r o t r u s i o n .  On t h e  b a s i s  o f  r e s u l t s  
o f  t h i s  s t u d y  t h e  f o l l o w i n g  c o n c l u s i o n s  a r e  d r a w n :  

1 .  B e c a u s e  o f  t h e  a g r e e m e n t  shown b e t w e e n  t h e  d i r e c t  b a l a n c e  
m e a s u r e m e n t s  a n d  t h e  sum o f  t h e  t h r e e  i n d e p e n d e n t l y  n e a s u r e d  terms 
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c o n t r i b u t i n g  t o  t h e  b a l a n c e  o u t p u t ,  t h e  t h r e e - t e r m  p o d e l  f o r  t h e  
f o r c e s  a c t i n g  o n  t h e  e l e m e n t  i s  v a l i d a t e d .  

2 .  No a d v a n t a g e  t o  a s m a l l  p a p  s i z e  was f o u n d .  I n  f a c t ,  i n  
t h e  p r e s e n t  s t u d y  t h e  b a l a n c e  was l e s s  s e n s i t i v e  t o  p r o t r u s i o n  
e r r o r s  w i t h  l a r g e r  g a p s .  T h u s  t h e  i d e a l  o f  t h e  smal les t  p r a c t i c a l  
g a p  s i z e  seems u n j u s t i f i e d  by  t h e  p r e s e n t  r e s u l t s .  

3. P e r f e c t  e l e m e n t  a l i n e m e n t  w i t h  t h e  s u r r o u n d i n g  t e s t  s u r f a c e  
r e s u l t e d  i n  v e r y  smal l  b a l a n c e  e r r o r s .  H o w e v e r ,  i f  smal l  p r o t r u -  
s i o n  e r r o r s  a r e  u n a v o i d a b l e ,  n o  a d v a n t a g e  was f o u n d  i n  h a v i n g  t h e  
e l e m e n t  s l i g h t l y  b e l o w  t h e  s u r r o u n d i n g  t e s t  s u r f a c e  r a t h e r  t h a n  
a b o v e  i t .  P o s i t i v e  a n d  n e g a t i v e  p r o t r u s i o n s  o f  t h e  same m a g n i t u d e  
were e q u a l l y  d a m a g i n g .  

4 .  S i n c e  t h e  l i p  a n d  n o r m a l  f o r c e  e r r o r s  i n  t h e  p r e s e n t  d a t a  
were s o  l a r g e  f o r  r e l a t i v e l y  smal l  p r o t r u s i o n s ,  e f f o r t s  i n  b a l a n c e  
d e s i g n  t o  m i n i m i z e  t h e s e  e r r o r s  s h o u l d  b e  made .  

L a n g l e y  R e s e a r c h  C e n t e r  
N a t i o n a l  A e r o n a u t i c s  a n d  S p a c e  A d m i n i s t r a t i o n  
Hampton ,  V A  2 3 6 6 5  
A u g u s t  18,  1 9 7 6  

REFERENCES 

1 .  P a r o s ,  J e r o m e  M . :  A p p l i c a t i o n  o f  t h e  F o r c e - E a l a n c e  P r i n c i p l e  
t o  P r e s s u r e  a n d  S k i n  F r i c t i o n  S e n s o r s .  1 6 t h  A n n u a l  T e c h n i c a l  
M e e t i n g  P r o c e e d i n g s ,  I n s t .  E n v i r o n m e n t a l  S c i . ,  1 9 7 0 ,  
P P .  363-368 .  

2 .  S c h a e f e r ,  William T . ,  J r . :  C h a r a c t e r i s t i c s  o f  M a j o r  A c t i v e  Wind 
T u n n e l s  a t  t h e  L a n g l e y  R e s e a r c h  C e n t e r .  N A S A  TM X-1130,  1 9 6 5 .  

3. Fowke,  James G . :  D e v e l o p m e n t  o f  a S k i n - F r i c t i o n  B a l a n c e  To 
I n v e s t i g a t e  S o u r c e s  o f  E r r o r  i n  Di rec t  S k i n - F r i c t i o n  M e a s u r e -  
m e n t s .  M.S. T h e s i s ,  U n i v .  o f  V i r g i n i a ,  1 9 6 9  

4 .  B r a d s h a w ,  P . ;  a n d  U n s w o r t h ,  K . :  A N o t e  on  P r e s t o n  T u b e  Ca l i -  
b r a t i o n s  i n  C o m p r e s s i b l e  F l o w .  I C  A e r o  Rep .  73 -07 .  Dep. 
A e r o n a u t . ,  I m p e r i a l  C o l l e g e  S c i .  ti T e c h n o l . ,  S e p t .  1 9 7 3 .  

5.  O ’ D o n n e l l ,  F r a n c i s  B . ,  J r . :  A S t u d y  o f  t h e  E f f e c t  o f  F l o a t i n g -  
E l e m e n t  M i s a l i g n m e n t  o n  S k i n - F r i c t i o n - B a l a n c e  A c c u r a c y .  
DRL-515,  CR-10 ( C o n t r a c t  NOrd-16498) ,  U n i v .  o f  T e x a s ,  
Mar. 3 ,  1 9 6 4 .  

15 



Ill1 IIIII IIIIIIIIII I I I  I I 

TABLE I.- M A C H  NUMBER PROFILES I N  BOUNDARY LAYER 

Y, mm 

0 
2.54 
5.59 
8.89 
15.24 
21.59 
27.94 
34.29 
40.64 
46.99 
53.34 
59.69 
66.04 
72-39 
76.96 

1.62 104 

0 
1.045 
1.227 
1.363 
1.529 
1.650 
1.756 
1. 85.7 
1.966 
2.078 
2.136 
2. 161 
2.174 
2.179 
2.182 

M f o r  R, of  - 
3.84 104 

0 
1.210 
1.388 
1.498 
1.618 
1.741 
1.862 
1 973 
2.057 
2.145 
2.183 
2. 196 
2.197 
2.197 
2.198 

5.97 104 

0 
1.267 
1.436 
1.519 
1.654 
1 763 
1.898 
2.008 
2.096 
2.148 
2.178 
2.190 
2.191 
2.192 
2.192 
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TABLE 11.- TOTAL FORCE RESULTS 

- 

2 ,  
m m  

-1.270 
-1.01 6 
-. 762 -. 508 -. 254 -. 127 -. 102 -. 076 -. 051 -. 025 
0 
.025 
.051 
.076 
.IO2 
.I27 
.254 
.508 
.762 
1.016 
1.270 

0.001 

0.00602 
.00452 
.OO308 
.OOl g o  
.00128 
.00127 
,001 31 
.00137 . 001 42 
.00149 
,001 58 
.00168 
.00179 
.OOl g o  
.00201 
.00212 
.00278 

.00507 

.(IO588 

.00657 

.00403 

( a )  Re = 1.62 x 10 4 

0.002 

0.00580 
.00427 
.00286 
.00172 
.00132 . (201 34 
.00138 
.00141 
.00146 
.00150 
.00157 
.00165 . 001 75 
.00184 
.00196 
,00206 
.00267 
.00388 
.00493 
.00575 
.00653 

C t  for G / D  O f  - 
0 . 0 0 4  

0.00563 
.00420 
.00298 
.00211 
.00163 
.00154 
.00153 
.00152 
.00152 
.00152 
.00153 
.00156 
.00158 
.00163 
.00167 
.00172 

.00317 

.00425 

.00517 

.00600 

~ 

.002 13 

0.006 

0.00507 
.(lo388 
.00286 
.00212 
.00178 
.00169 
.00167 
.00165 
.00163 
.00161 
.00160 
.00160 
.00161 
.00162 
.00162 
.00163 
.00183 
.00268 
.00374 
.00475 
.00552 

0.008 

0.00472 
.00365 
.00280 
.00226 
.001g1 
.00178 . 001 74 
.00172 

.00166 

.00164 

.00162 

.00161 

.0016 1 

.00162 

.00163 

.00178 

.00236 

.00417 

. 00501  

.00170 

.00322 

0.010 

0.00396 

.00258 

.00183 

.00166 

.00163 

.00162 

.00159 

.00158 

.00157 

.00155 

.00155 

.(I0155 
,001 55 
.00157 
.00170 
.00215 
.00281 
.00371 
.00457 

.00312 

.00219 
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TABLE 11. - C o n t i n u e d  

29 

mm 

-1 270 
-1 .016  -. 762 -. 508 -. 254 -. 127 -. 102 

- .076  -. 051 -. 025 
0 

. 0 2 5  

.051  

. 0 7 6  

. l o 2  
, 1 2 7  
.254  
. 5 0 8  
.762  

1 .016  
1 .270  

0 .001  

0 .00584 
. 0 0 4 0 7  
. 0 0 2 3 8  

. 0 0 0 1 7  

. 0 0 0 5 6  

.00073  

. 0 0 0 8 5  

.ooo87 '. 001 06 

.00129  . 001 53 

. 0 0 1 7 9  

.00209  

. 0 0 2 3 8  

. 0 0 2 6 3  

. 0 0 2 9 2  

.00397  
, 0 0 5 4 7  
. 0 0 6 4 8  ------- 

------- 
- 

4 ( b )  R e  3 . 8 4  x 1 0  
_. . . -. . . . . - - .. 

C, f o r  G/D o f  - 
0 . 0 0 2  

0 .00602  
, 0 0 4 2 7  
, 0 0 2 6 2  
, 0 0 1  1 7  
.00071 
. 0 0 1 0 3  
. 0 0 1 1 2  
.00121  
.00132  
. 0 0 1 4 2  
.00153  
. 0 0 1 6 9  
. 0 0 1 8 9  
. 0 0 2 0 8  
. 0 0 2 3 0  
. 0 0 2 5 2  
.00360  
. 0 0 5 1 3  
.00626  ------- 

------- 
_____ 

0 . 0 0 4  

0 .00567  
. 0 0 4 0 3  
.00257  
. 0 0 1 4 8  
.00122  
. 0 0 1 3 7  
, 0 0 1  40 
.00141  . 001 42 
. 0 0 1 4 3  
.00145  
. 0 0 1 4 7  
.00152  . 001 5 9 .  
. 00167  
, 0 0 1 7 8  
.00257  
. 0 0 4 3 2  
. 0 0 5 6 3  
. 0 0 6 7 3  ------- 

~ .... 

0 . 0 0 6  

0 . 0 0 6 0 7  
. 0 0 4 6 4  
. 0 0 3 4 0  
. 0 0 2 3 4  
. O O ?  68 
. 0 0 1 6 2  
.00161 
. 0 0 1 5 7  
. 0 0 1 5 5  
. 0 0 1 5 2  
. 0 0 1 5 2  
. 0 0 1 5 2  
. 0 0 1 5 2  
. 0 0 1 5 2  
. 0 0 1 5 5  
. 0 0 1 5 8  
.00190  
. 0 0 3 0 7  
. 0 0 4 4 7  
. 0 0 5 6 7  
.00686  

__ . -. . . - - 

. - 

0.008 

---_--- 
0 . 0 0 4 1 4  

.00317  

.00261  

. 0 0 2 1 3  

. 0 0 1 8 0  

.00173  

. 0 0 1 6 9  

.00165  

. 0 0 1 6 2  

.00159  

.00157  

.00156  

.00156  

.00157  

. 0 0 1 5 7  

.00172  
, 0 0 2 3 3  

. 0 0 4 5 2  

.00562 

00333 

_ _  . _-  

~ _- 

_ _  

0.010 

0 .00453  
.00362  
. 0 0 3 1 3  
. 0 0 2 7 3  
.00199  
.00168  . 001 64 
. 0 0 1 6 2  
.00157 
. 00156  
.00153  
. 0 0 1 5 3  
. 0 0 1 5 3  
. 0 0 1 5 4  
. 0 0 1 5 5  
.00157  
.00164  
.00206  
.00291 
.00389  
. 0 0 4 9 8  

- -  

__ 
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2 ,  
mm 

-1.270 
-1.01 6 -. 762 -. 508 -. 254 -. 127 -. 102 -. 076 -. 051 -. 025 
0 
.025 
,051 
.076 
.lo2 
.I27 
.254 
.508 
.762 
1.016 
1.270 

0.001 

------- 
0.00394 
.002 18 . 0.0058 
.00023 
.00037 
.00058 
.00088 
.00118 . 001 48 
.00183 
,00223 
.00258 
.00284 
.00310 

-. 00023 

-_----- 
------- 
------- 
------- 
------- 

TABLE 11. - C o n c l u d e d  

4 ( c )  Re = 5.97 x 10 

0.002 

-_----- 
0.00423 
.00256 
.00103 
.00043 
.00090 
.00102 
.00113 
.00125 
.00137 
.00148 
.00167 
.001g1 
,0021 3 
.00240 
.00267 
.00392 ------- 

------- 
------- 
------- 

Ct f o r  G/D of - 
0.004 

------- 
0.00409 
.00254 
.00137 
-001 1 1  
.00129 
.00131 
,001 32 
.00134 
.00135 
.00137 
.00140 
.00146 
.00152 
.00162 
.00176 
.00261 ------- 

------- 
- - - - - - - 
------- 

0.006 

------- 
------- 
0.00348 
.00240 . 001 83 
.00171 
.00168 
.00165 . 001 62 
.00157 
.00153 
.(IO148 
.00148 
.00151 
.00152 
.00156 
.00183 
.00299 ------- 

------- 
------- 

0.008 

------- 
------- 
0.00335 
.00287 
.00233 
.00194 
.00185 
.00177 
,001 72 
.00167 
.00162 
.00157 
.00156 
.00156 
.00156 
.(lo156 
.00161 
.00214 
.00324 ------- 

------- 

0.010 

------- 
0.00385 
.0034c 
.00302 
.00214 
.00170 
.00163 
.00160 
,001 58 
.00155 
,001 52 
.00148 
.00148 
.00147 
.00147 
.00147 
.00142 
.00187 
.00278 
.00385 ------- 
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TABLE 111.- L I P  F O R C E  RESULTS 

2 ,  
mm 

-1.270 
-1.016 -. 762 -. 508 -. 254 -. 127 -. 102 -. 076 -. 051 -. 025 
0 
.025 
.051 
.076 
.IO2 
.I27 
.254 
.508 
.762 
1.016 
1.270 

R e  = 1.62 x 10 4 

C a  f o r  G/D o f  - 
0.001 

-0.00491 
-. 00448 -. 00384 -. 00293 -. 001 63 
-.00084 -. 00067 -. 00048 
-.00031 -. 0001 0 
.00005 
.00025 
,00044 
.00065 
.00080 
.ooogg . 001 78 
,0031 5 
.00418 
.00495 
.00552 

-~ ~ 

0.002 

-0.00473 
-. 00427 -. 00354 -. 00253 -. 001 27 -. 00056 -. 00042 -. 00026 -. 0001 3 
.00007 
.00020 
.00035 
.00053 
.00065 
.00081 
.00095 
.00168 
.00292 
.00387 
.00457 
.00515 

0.004 

-0.00425 -. 00386 
-a00313 -. 001 95 -. 00076 -. 00036 -. 00028 -. 00022 
-.00015 -. 00003 
.00003 
.00014 
.00024 
.00029 

.00045 
,00084 
.00173 

.00325 

.00384 

.00038 

.00258 

0.006 

-0.00393 -. 00367 
-.00318 -. 0021 3 -. 00073 -. 00027 -. 0001 8 
-.00017 -. 0001 6 
-. 00006 -. 00007 -. 00002 
.00002 
.00003 
.00005 
.00014 
.00056 
.00132 
.00206 
.00260 

-. 00013 

0 . 0 0 8  

-0.00367 -. 00347 -. 00306 -. 00218 -. 00055 -. 00016 -. 00010 -. 00008 -. 00006 
-. 00005 -. 00005 -. 00005 -. 00004 -. 00004 -. 00005 
-. 00006 
-.COO14 
-.00015 
.00027 
.00095 
.00151 

0.010 

-0.00355 

-. 00295 -. 001 86 -. 00033 
-.00008 -. 00007 -. 00006 -. 00006 -. 00006 -. 00005 -. 00006 -. 00008 
-.00008 -. 00008 -. oooog 
- .00018 -. 00027 -. 00027 
.00020 
.00073 . .  

. .  

- e  00335 

20 
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29 
m m  

-1.270 
-1.016 -. 762 -. 508 -. 254 -. 127 -. 102 -. 076 -. 051 -. 025 
0 
.025 
.051 
.076 
.lo2 
.I27 
.254 
.508 
.762 
1.016 
1.270 

0.001 

-0.0061 6 -. 00577 -. 00524 -. 00435 -. 00274 -. 00156 
-.00096 -. 00056 -. 0001 7 

-. 001 23 

.00016 

.00053 

.00086 

.00124 

.00152 

.00184 

.00315 

.00465 
,00556 -------- 

-------- 

TABLE 111. - C o n t i n u e d  

4 ( b )  R e  = 3.84 x 10 

0.002 

-0.00560 -. 00528 -. 00466 -. 00348 -. 001 70 -. 00068 -. 00049 -. 00033 -. 0001 4 
.00006 
.00025 
.00045 
.00069 
.00089 
. 0 0 1 o g  
.00130 
.00232 
.00374 
.00458 -------- 

-------- 

C a  for G/D of - 
0.004 

~ 

-0.00495 -. 00456 -. 00394 -. 00269 -. 00052 -. 00015 
-.00014 
-.00013 -. 00006 -. 00004 
.00002 
.00004 
.00012 
,00007 
.00006 
.00005 
.00024 
.00163 
.00274 
.00354 -------- 

0.006 

-0.00466 -. 00444 -. 00407 -. 00346 -. 00087 -. 00006 -. 00002 . 0000  1 
.-O 0 0 03 . 0000 1 
0 -. 00002 -. 00007 
-.00012 -. 0001 6 
-.00018 -. 00058 
-.OOO64 
.00045 
.00145 
.00217 

0.008 

-0.00433 -. 0041 4 -. 00387 
-. 001 16 -. 00007 
.00002 
.00002 
.00002 
.00002 
.00001 -. 00006 -. 0001 3 -. 0001 7 -. 00025 -. 00030 -. 00078 -. 00139 

-. 00046 

-------- 

-.00123 

.00046 

0.010 

-0.004 15 -. 00407 -. 00378 -. 00302 -. 00062 -. 00007 -. 00007 -. 00007 -. 00007 -. 00007 -. 00008 
-. 0002 1 -. 00027 -. 00030 
-.00035 -. 00075 -. 00140 -. 00157 -. 00136 -. 00075 

-.00013 
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TABLE 111. - C o n c l u d e d  

ZY 
mm 

- 1  - 2 7 0  
-1 .016  -. 762 -. 508 -. 254 -. 127 -. 102 

- .076  -. 051 -. 025 
0 

. 0 2 5  
,051  
. 0 7 6  
, 1 0 2  
. 1 2 7  
.254  
. 5 0 8  
.762  

1 .016  
1 .270  

0.001 

4 ( c >  Re = 5 .97  x 1 0  

C a  f o r  G / D  o f  - 
0 . 0 0 2  

-------- 
-0 .00557  -. 00495 -. 00375 -. 001 70 -. 00068 -. 00046 -. 00032 -. 0001 5 

, 0 0 0 0 5  
. 0 0 0 2 5  
, 0 0 0 4 5  
, 0 0 0 6 7  
.(IO084 
, 0 0 1  06  
.00131 
, 0 0 2 3 8  

.------- 
I------- 

-------- 

0 . 0 0 6  

-------- 
-------- 
-0 .00436 -. 00376 -. 001 1 4  

. 0 0 0 0 4  

. 0 0 0 1 2  

. 0 0 0 1 0  

. o o o o g  

. 0 0 0 0 8  

.00002  -. 00003  -. 0001 2 -. 00018 -. 00027 
-, 00036 -. 00094 -. 00124 -------- 

-------- 
-------- 

0 . 0 0 8  

-------- 
-------- 
-0 .00419  -. 00354 
- .00157  
- .00015 

. 0 0 0 0 3  

.00005  

. 0 0 0 0 5  

.00004  

. 00002  -. 00005 -. 0001 7 -. 00025 -. 00035 -. 00046 
- .00104 
- .00178 
- .00182 -------- 
.------- 

0.010 

-------- 
-0.00438 -. 0041 0 -. 00334 -. 00088 

- .00008  -. 00007 
- .00007  -. 00007 
- .00010 -. 0001 5 -. 00023 -. 00031 
-. 00037 -. 00043 -. 00049 -. 00095 -. 001 64  -. 001 87 
-. 001 80 -------- 
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TABLE 1 V . -  NORMAL FORCE RESULTS FOR G / D  = 0 . 0 0 1  

2 ,  
mm 

-1.270 
0 
1 .270  

- 1 , 2 7 0  
-1.01 6 

0 
1 .270  

~ 

-1 .270  
0 
1 .270  

b 
a - 'N 

0.00991 
. 0 0 0 2 0  
, 0 0 0 2 7  

0 .01144 
. 0 0 9 0 8  

. 0 0 1 2 7  

. 0 0 0 2 3  

TABLE V.- PRESTON TUBE S K I N  F R I C T I O N  FOR G / D  0 .001  

=, 
mm 

-1 .270  -. 635 
0 

. 6 3 5  
1 .270  

-1 .270  -. 635 
0 

.635  
1 .270  

-1 .270  -. 635 
0 

1 .270  
. 6 3 5 '  

- 

c P  

0 . 3 3 5  
. 3 4 8  
.361 
. 3 6 5  
.374 

0 .41  1 
433 

.453  

. 4 6 4  
, 4 7 3  

0 .447  
. 4 6 9  
. 4 9 4  
. 5 0 5  
. 5 1 4  

C f  

0 . 0 0 1  42 
. 0 0 1 4 6  
.00149  
.00152  
.00155  

0 .00126  
. 0 0 1 3 0  
.00134  
. 0 0 1 3 7  
. 0 0 1 4 0  

0 .00120  
.00124  
. 0 0 1 2 8  
.00130  
.00132  

2 3  



4 D * 

Normal 
f o r c e ,  F, 

Flow I) 
force ,  Ff Fr ic t ion  0 

0 

I I I 
I 1 -+ I 

I I 

I I 
1 

I 
I I 1 

center 

F i g u r e  1 . -  F l o a t i n g  s e n s i n g  e l e m e n t  a n d  a e r o d y n a m i c  f o r c e s  a c t i n g  o n  i t .  



Test  appa r a  t us 

Floating element 

L- Pressure or i f ices 
L p i v o t  arm 

Geometric var iables 

Gap size Protrusion 

n 

F i g u r e  2 . -  Tes t  a p p a r a t u s  a n d  g e o m e t r i c  v a r i a b l e s .  



Lio force Normal force Friction force 

Lip orifices 
(located on 

balance housing) 

F i g u r e  3.- Methods u s e d  t o  e v a l u a t e  a e r o d y n a m i c  forces  a c t i n g  on e l e m e n t .  



Distance from woll 
to center of tube Tube no. 

I 2.5 
2 5.6 
3 8.9 
4 15.2 
5 21.6 
6 27.9 
7 34.3 
8 40.6 
9 47.0 
IO 53.3 
I I  59.7 
12 66.0 
13 72.4 
14 77.0 

I 50b=<m \ 7’ 12.7 

34.9 &z-J 
10.2 

7 1’- 
78.7 Tube t ip detai ls  

Shape Circu lor  
Outside diam 1.0 
Inside diom 0.5 

F i g u r e  4 . -  P i t o t  p r e s s u r e  r ake  u s e d  t o  m o n i t o r  b o u n d a r y  l a y e r .  
D i m e n s i o n s  a r e  i n  m i l l i m e t e r s .  



.007 

.006 

.005 

I -004 t 

, 

t .003 7 

.002 1 

0 

Re 
0 1.62X104 

0 5.97 

-.001 ' I 1 I 1 1 1 1 1 1 1 1 1 1 1 

-1.4 -1.2 -1.0 -.8 -.6 -.4 -.2 0 .2 .4 .6 .8 1.0 1.2 1.4 

z,mm 

( a )  G/D 0.001.  

F i g u r e  5 . -  T o t a l  f o r c e  r e s u l t s .  



,007 

.006 

.005 

.004 

c t  .003 

.002 

.oo I 

0 I.62X104 

0 5.97 

1 1 1 1 1 1 1 

0 .2 .4 .6 .8 1.0 1.2 1.4 
0 

z,mm 

( b )  G/D = 0.002. 

F i g u r e  5 . -  C o n t i n u e d .  



W 
0 

m o o 7  r 
.006t 

.005t 

Re 
3 1 . 6 2 X 1 0 4  

I' 
0 5.97 

.004 - 

.003 - 

.002 - 

.oo I - 

z,mm 

( c )  G/D = 0.004. 

F i g u r e  5 . -  C o n t i n u e d .  



.007 

.006 

.005 

.004 

I t 1 I I I I 1 1 I I I J 

I 



W 
ro 

* O o 6 i  
0 

u 
0 

.005- 

Re 
I .62 x lo4 

5.97 

c t  .003 

1 
.004 

I 

I 
.002 i- 

I I I I I 

-0°’ 1 
I 

01 
-1.4 -1.2 -1.0 -.8 -.6 -.4 -.2 0 .2 .4 .6 .8 1.0 1.2 1.4 

z,mm 

( e >  G / D  0 . 0 0 8 .  

F i g u r e  5 . -  C o n t i n u e d .  



.006 - 

.005 - 

.004 - 

C +  .003 

.002 

.oo I 

0 

Re 
0 1.62X104 

0 u 5.97 3.84 I 

1 I I I I I 1 I I I I I I d  

-1.4 -1.2 -1.0 -.8 -.6 -.4 -.2 0 .2 .4 .6 .8 1.0 1.2 1.4 

z ,  mm 

(f) G/D = 0.010. 

F i g u r e  5 . -  C o n c l u d e d .  

W 
W 



. o w /  0 1 . 6 2 X l O 4  

9 3.84 I 
I 0 5.97 1 

* O o 2 I  

I I I I 9 I .  

.4 .6 .8 1.0 1.2 1.4 
- .008 

0 .2 -1.4 -1.2 -1.0 -.8 -.6 -.4 -.2 

z,mm 

( a >  G/D 0.001. 

F i g u r e  6 . -  L i p  fo rce  r e s u l t s .  



-006 - 

I 

w 
ul 

z,mm 

( b )  G/D 0.002. 

F i g u r e  6. - Continued. 



w I m 

i 
.006 

.004 

-002 

c1 0 '  

- B O 2  

-.004 

0 1.62x104 

0 5.97 

- .006 I I 1 I I 1 

-1.4 -1.2 -1.0 -.8 -.6 -.4 -.2 0 .2 .4 .6 .8 1.0 1.2 1.4 

z , m m  

( c >  G/D = 0.004. 

F i g u r e  6 . -  C o n t i n u e d .  



.0041- . I 

F i g u r e  6 . -  C o n t i n u e d .  



W 
co 

0 5.97 1 

.004 

.002 

P 

1 I I I I I 

3 1 . 6 2 X 1 0 4  

3.84 I 

I I I I 1 I 

CI! 

-.002 - 

-.004 + 

( e )  G / D  = 0 . 0 0 8 .  

F i g u r e  6 . -  C o n t i n u e d .  



Re 
-OO4r 0 1.62X104 

-Oo2 I  

0 3.84 5.97 1 
/ 

0 

-.006 1 1 I I 1 I I I I I I I I 1 4 
-1.4 -1.2 -1.0 -.8 -.6 -.4 -.2 0 .2 .4 .6 .8 1.0 1.2 1.4 

z, m m  
( f )  G/D = 0.010. 

F i g u r e  6.-  C o n c l u d e d .  

w 
u3 



4 

3 

L - 
8 

F i g u r e  7 . -  E f f e c t  o f  p r o t r u s i o n  a n d  g a p  s i z e  o n  t o t a l  f o r c e .  

R, = 1.62 x 10 4 . 



r\ n 0 
u y  

A 

0 
1.01 

.8- 

U 

I 
~ 

.4it 

0 Large balance 

I Small balance (Kist ler)  

- - -  Theoretical C f  calculated 
from measured Re 

0 .002 .004 ,006 .008 .OlO ,012 
G 
D 

F i g u r e  8 . -  E f f e c t  o f  gap  s i z e  on t o t a l  f o r c e  a t  z e r o  p r o t r u s i o n .  

R, 1 .62  x 10 . 4 



Z - 
6 

-0- -.017 
- 0 - 0  
4 .017 

Downstream 
I 

Jp st ream 
I 



4-  

T E 3  3 -  

I I I 

-.018 -.o I 2 -.006 0 .006 .012 .018 

8 
z - 

F i g u r e  1 0 . -  E f f e c t  o f  p r o t r u s i o n  and  gap  s i z e  o n  l i p  f o r c e .  

R, = 1.62 x 10 4 . 
.l= 
w 



A 5  

I Flow 

:ontou r 
No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

“Z 
2394 
2633 
2873 
3112 
3352 
3591 
3830 
40 70 
4309 
4549 
4788 

- 
- 
PS f - 
50 
55 
60 
65 
70 
75 
80 
85 
90 
95 

100 

P - 
Pe 

0.735 
0.809 
0.882 

1.029 
2.103 
1.176 

0.956 

1.250 
1.324 
1.397 
1.471 

F i g u r e  1 1 . -  Sample p r e s s u r e  c o n t o u r s  on e l e m e n t  s u r f a c e .  

R,  = 1.62 x 10 4 ; G/D = 0 .001;  z / &  = -0 .017.  



Downstream 
1.6r 

I .4 

1.2 

I ;o 

.8 

L 7- 
-.017 
0 

.017 

Upst r e m  

1 1 4 1 1 1 1 1 1 

0 40 80 I20 I60 200 240 280 320 360 
+, degrees 

F i g u r e  1 2 . -  Sample  p r e s s u r e  d i s t r i b u t i o n  a r o u n d  e d g e  o f  e l e m e n t  s u r f a c e  

f o r  s e v e r a l  p r o t r u s i o n s .  R, = 1 . 6 2  x 10 ; G / D  = 0,001. 4 



7 

6 

5 

4 

2 

I 

0 
.005 .OlO .015 .020 0 

8 

- .020 -.O I 5 -.O I 0 -.005 

Z - 
F i g u r e  13. -  E f f e c t  o f  p r o t r u s i o n  on  n o r m a l  f o r c e  c o n t r i b u t i o n  t o  

b a l a n c e  o u t p u t .  R, = 1 . 6 2  x 10 4 ; G/D = 0 ,001.  



.6 
c f 

t ,o, ov 

.4 

. 2 -  

0 

.8 

- 

- 

I 1 1 I I I 1 I 1 

F i g u r e  1 4 . -  E f f e c t  o f  p r o t r u s i o n  on P r e s t o n  t u b e  s k i n  f r i c t i o n .  

RO = 1.62 x 10 4 ; G/D 0.001. 



i 

7 -  

6- 

Q) 
V 

0 
LL 

L 

4. 
! 
I 

2 1  

I 

I -  ....................... L ,,.iw ... , . . . . . . . . . . . . . . . . . . . . . .  

I.....................j..................... 
.... C . . . . . . . . . . . . . . . . . . . . . ,  ........................................... 0 .' 

,020 -.015 -.010 -.005 0 .005 .010 .015 ,020 

,o, ov 

ov 

F i g u r e  15.- C o m p a r i s o n  o f  f r i c t i o n ,  n o r m a l ,  a n d  l i p  f o r c e  c o n t r i b u t i o n s  t o  t o t a l  

b a l a n c e  o u t p u t .  R, = 1 . 6 2  x 10 4 ; G/D = 0.001.  



5 -  

c 
C 
Q) .- 
.o 3 -  - 
u- 
Q) 
0 
u \ 

\ 

Q) 

0 
LL 

'i 

1 1 I 1 1 1 1 I 

-.020 -.015 - .OlO -.005 0 .005 .OlO .015 . 020 

F i g u r e  1 6 . -  C o m p a r i s o n  of  d i r e c t  b a l a n c e  m e a s u r e m e n t  w i t h  sum o f  f r i c t i o n ,  

a n d  n o r m a l  f o r c e  m e a s u r e m e n t s .  R, = 1 . 6 2  x I O 4 ;  G / D  = 0 . 0 0 1 .  



cn 
0 

r 
I 

0 
cn 
\D 

-.L 

2 

3 -  ct 
c t ,o,ov 

Present test 

D = 12.7 cm 8 = 7.62 cm 

n -.' 

/ 

Ref.  5 t e s t  

D=2.5cm 
8=0.51 

I 
~ 

0 ;  I I 
I 1 I I 

-.O I8 -.o I2  -.006 0 .006 ,012 ,018 

F i g u r e  17.-  C o m p a r i s o n  b e t w e e n  p r o t r u s i o n  r e s u l t s  o f  p r e s e n t  i n v e s t i g a t i o n  
a n d  t h a t  o f  r e f e r e n c e  5 .  
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